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alloys between 573 and 1073 K employing the electromotive force method. In two-phase U–Ga–In alloys,
uranium forms the intermetallic compound UGa 3. Activity coefﬁcients and solubility of uranium in Ga–In
eutectic were also determine d in the same temperature range. Partial thermodynamic functions of c-U in
saturate d alloys wit h gallium, indium and Ga–In eutectic were calculated.
 2013 Elsevier B.V. All rights reserved.1. Introduction 
Pyrochemic al reprocessin g of spent nuclear fuels (SNFs)
employing fused salts and liquid metals as working media is con- 
sidered as a possible alternative to the existent solvent extraction 
(PUREX) process. Molten salts and metals exhibit very high radia- 
tion and thermal stability and therefore can be used for reprocess- 
ing irradiate d fuels from thermal and fast neutron reactors with a
high burn-up after a relatively short cooling time. Inorganic melts 
are generally not efﬁcient in moderating neutrons thus allowing 
working with more concentrated (as to ﬁssile material) systems.
One of the ways for separating elements present in SNF involves 
dissolution of the fuel in a salt melt and selective extraction of
desired elements by liquid metals. The liquid state of salts and 
metals simpliﬁes phase separation. Liquid gallium is efﬁcient in
separating uranium from lanthanides with the separation coefﬁ-
cients of several orders of magnitude higher than for any other 
low-melting metals (Zn, Sn, Pb, Bi, In, Cd, Tl). Available thermody- 
namic data [1] show that, for example, separation coefﬁcient for 
uranium (ﬁssile material) and lanthanum (ﬁssion product) in
3LiCl–2KCl melt – liquid gallium system at 800–1000 K is around 
104.
One of the disadvantages of pyrochemical reprocessing is rela- 
tively high working temperatures. Lowering them is desirable from 
the technological point of view since it reduces energy consump- 
tion and simpliﬁes ﬁnding suitable construction materials. Binary 
or ternary alloys of eutectic compositions can be employed to low- 
er the melting point of the metal phase. However , up to date only 
binary systems of actinides and some low-melting metals were 
studied and the information on the ternary and more complicated 
systems is essentially non-existen t.ll rights reserved.
vich).Gallium- indium eutectic with the melting point around 289 K is
one of the lowest melting gallium containing binary alloys. The 
behavior of metallic eutectic mixtures is close to the ideal and there- 
fore their vapor pressure, for example, can be estimated employing 
the additivity rule. Calculati ons performed using the available data 
on gallium and indium vapor pressure s [2] show that at even at
1100 K the equilibrium vapor pressure above the Ga–In eutectic will 
be only 1.5  104 mm Hg. Wide temperature range of the liquid 
state and low vapor pressure make the Ga–In alloy quite attractive 
for employing in pyrochemical partitioning technologie s. The efﬁ-
ciency of the separation process taking place on the ‘‘molten salt–
liquid metal’’ interface depends on the propertie s of the elements 
of interest in both salt and metallic phases. Before evaluating the 
feasibilit y of separating the SNF components, the thermodynam ic
propertie s of uranium and ﬁssion product elements must be studied 
in the salt as well as in the liquid metal phase.
The phase diagram of the ternary Ga–In–U system has not been 
studied so far. There is a sufﬁcient body of data concerning the bin- 
ary Ga–U system, however the diagram of In–U system is still non- 
existent. The Ga–U system contains three intermetallic 
compound s, UGa 3, U3Ga5 and UGa 2 [3,4]. Previously reported 
U2Ga3 phase has, in fact, the composition of U3Ga5 [5,6]. Thermo- 
dynamic properties of U–Ga alloys were determined from the 
results of electrochemi cal, gallium vapor pressure and calorimetr y
measure ments, as well as thermod ynamic calculations , and these 
include DG, DH and DS of formation of UGa 3 compound [7–12].
Electroni c structure of UGa 3 was determined employing various 
spectroscop y techniques [13]. Solubility of uranium in liquid gal- 
lium was determined between 643 and 1013 K [7,14]. Only one 
compound , UIn 3, was so far identiﬁed in the In–U system and ther- 
modynami c properties of this phase were determined employing 
the electromoti ve force and indium vapor pressure measureme nts 
[7–9]. Uranium solubility in liquid indium was measured above 
612 K using various techniques [7,14,15].
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solid state and in various works the authors took different states 
for the standard. To enable the comparison of available informa- 
tion the reported data must be brought to the same standard state.
In the present study c-uranium and super cooled liquid uranium 
were chosen as the standard states. The aim of the present work 
was studying the behavior of uranium in the Ga–In eutectic alloy 
and determining thermodynam ic characteristics, activity, activity 
coefﬁcients, and solubility of uranium in the said alloy.Fig. 1. Experimental cell for measuring e.m.f. of U|MCl–UCl3|U + Ga–In galvanic 
cell.1 – small beryllium oxide crucible; 2 – liquid alloy; 3 – metallic uranium 
(reference electrode); 4, 6 – current conductors; 5 – ceramic tube; 7 – beryllium 
oxide thermocouple sheath; 8 – molten salt electrolyte; 9 – large beryllium oxide 
crucible; 10 – silica cell; 11 – rubber stopper; 12, 13, 15 – silica positioning tubes;
14 – rubber stoppers; 16 – alumina crucible; 17 – zirconium turnings.2. Experimental 
The electrom otive force (EMF) method was chosen in the pres- 
ent work for studying uranium behavior in liquid alloys. The mea- 
surements were performed between 573 and 1073 K. To determine 
uranium activity and activity coefﬁcients, the EMF of the following 
galvanic cell was measure d:
ðÞUjLiCl—KCl—CsCl—UCl3jU þ MeðþÞ; ð1Þ
where Me is the low melting metal (Ga, In or Ga–In eutectic ). Ura- 
nium metal does not noticeably react with alkali chlorid e based 
melts containing dissolved uranium(III) chloride [16–19] and there- 
fore can be safely employe d as the refere nce electrode. Low meltin g
ternary LiCl–KCl–CsCl eutectic (57.5 mol.% LiCl and 16.5 mol.% KCl,
m.p. 536 K) was used as the solvent salt. Individual alkali metal 
chlorides (purity of 99.5% and above) were dried under vacuum at
773–873 K for several hours, then melted and dry hydroge n chlo- 
ride was bubbled through the melt for about three hours to remove 
trace water and convert oxide impurities to the corresp onding chlo- 
rides. The salt mixtures containing U(III) chloride (around 3–5 wt.%
uranium), were prepared by anodic dissolution of uranium metal in
the chloride eutectic. Gallium–indium alloys of the eutectic compo- 
sition (21.8 wt.% In [20]) were prepared by fusing individua l metals 
(Ga of 99.9999% purity and In of 99.9995 %) in an argon ﬁlled dry 
box MBrau n Unilab 1200/780 . Ternary U–Ga–In alloys were ob- 
tained by adding metallic uranium or uranium–gallium alloy (con-
taining ca. 5 wt.% U) to the gallium–indium eutectic, or by cathodi c
depositio n of uranium on the liquid Ga–In alloy directly in the 
experime ntal cell.
The electrochemi cal measurements were performed under ar- 
gon in the experimental cell schematical ly shown in Fig. 1. Com- 
mercial purity argon was passed through zirconium turnings 
heated to 973 K to remove any trace oxygen impurity. All the cera- 
mic parts (crucibles, thermocoupl e sheath, etc.) contacting with 
uranium containing melts or alloys were made of beryllium oxide 
to minimize possible interaction of uranium and U(III) chloro- 
species, having high afﬁnity for oxygen, with the ceramics. The cell 
was assembled and closed in the argon dry box, then taken out and 
positioned in a vertical tube furnace. The cell was then evacuated 
and ﬁlled with argon. After the atmosphere in the cell was changed 
three times the cell was heated to the required temperature and 
the electrochemi cal measurements started. Additional puriﬁcation
of the atmosph ere in the cell from residual oxygen and moisture 
was achieved by placing zirconium turnings (acting as a getter)
in the bottom part of the cell, Fig. 1. At highest working tempera- 
tures (973–1073 K) Zr getter inside the cell ensured that concen- 
trations of oxygen and water were negligibly low. Metallic 
uranium bar attached to a molybdenum rod acted as the reference 
electrode and the electrode potentials of the liquid alloys were 
measured at zero current employing the Autolab PGStat 302 N
potentiostat. At a ﬁxed temperature the potential s were considered 
as stationary if they did not exhibit a tendency to monotonous 
change and did not change more than by 0.1–0.5 mV over an hour.
At such conditions the potentials of the alloys of the same phase 
composition were reproducibl e within ±0.1–0.2 mV. Time required for reaching ﬁrst stable potential readings was 5–6 h. The follow- 
ing stationary values of the EMF (upon changing temperature )
were reached after 1–3 h. In a single experiment the potential s
were normally measured starting from the highest temperature .
The cell then was cooled in steps of ca. 50 and the potential s mea- 
sured over selected temperature interval. After taking the readings 
at all required temperat ures the cell could be heated again and the 
cycle repeated if desired. To check the reproducibility of data in a
special series of experiments the EMF measure ments were per- 
formed by varying the temperature from high temperat ure down 
and then back in steps of ca. 50 K. The melt temperature was mea- 
sured by a K-type thermocoup le (Omega Engineering, Inc.) dipped 
into the salt melt and protected by a beryllium oxide sheath.
Current conducto rs to the liquid alloys were made of tungsten 
wire to minimize possible interactio n with the liquid metals.
Since the current conducto r to uranium reference was made of
molybdenum a correction for the thermal EMF between molybde- 
num and tungsten has to be made to the results of the electro- 
chemical measure ments. At the working temperature s Mo–W
thermal EMF is small and between 280 and 1500 K it can be calcu- 
lated from the following equation derived from the available liter- 
ature data [21]:
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After completing the measure ments the cell was allowed to cool 
and the quenched salt was dissolved in cold distilled water. The li- 
quid alloys were washed with water and ethanol and dried at room 
temperature . The alloys were then dissolved in a mixture of nitric 
and hydrochlor ic acids and the solutions were analyzed by ICP-MS 
spectrometry . Analysis showed that there was no appreciable 
changes in uranium concentratio n in the metallic alloys in compar- 
ison with the starting values.
Gamma–uranium and super cooled liquid uranium were taken 
as the reference states when determining uranium activity and 
activity coefﬁcients. To account for uranium phase transformat ions 
the following correctio n was added to the experime ntally mea- 
sured electrode potentials:
DE ¼  R  T
n  F
 
 ln a0; ð3Þ
where a0 is uranium activity at working temperatur e relative to c-
uranium or liquid uranium. The value of lna0 was calculate d from 
the known thermo dynamic paramete rs of uranium phase transi- 
tions [22,23]. For exampl e, activity of a-U relative to c-U can be cal- 
culated from the following expression:
R  ln a0 ¼ DHaTa  T  ðTa  TÞ þ
DHb
Tb  T  ðTb  TÞ; ð4Þ
where DHa and Ta are the enthalpy change and temperatu re of the 
a? b transition, DHb and Tb are the same parameter s of the b? c
transition .
3. Results and discussion 
Uranium activity in the liquid metal phases was determined 
from the results of measuring EMF of heteroge neous (two-phase)
alloys saturated with uranium. Activity coefﬁcients were calcu- 
lated from the results of EMF measurements of dilute (homoge-
neous) alloys with known uranium concentratio n. Uranium 
solubility in the liquid Ga–In eutectic based alloys was estimated 
from the differenc e of obtained temperature dependenci es of activ- 
ity and activity coefﬁcients.
3.1. Activity of uranium in alloys with Ga–In, Ga, In
The experimental temperature dependence of EMF of cell (1)
containing two-phas e U–Ga–In alloys is presente d in Fig. 2. Twelve 600 700 800 900 1000 1100
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Fig. 2. The effect of temperature on e.m.f. of U–Ga–In alloys saturated with 
uranium. Reference electrode – uranium metal. Uranium concentration in the 
metallic phase in various samples was 0.1–10 mol.% (depending on temperature).separate alloy samples with various uranium concentrations were 
measure d and showed good agreement of EMF values. In the 
studied temperature range the E = f(T) dependence is non-linear.
Non-linear ity of the temperature dependence of EMF of two-phase 
U–Ga alloys was previously noted by Johnson and Feder [7] and
subsequent ly by Lebedev et al. [8]. The latter associated the change 
in slope of this temperat ure dependence with the polymorphic 
transition in UGa 3, by analogy with PuGa 3 compound [24]. Subse- 
quent investiga tions of U–Ga system, however, did not conﬁrm the 
existence of two crystal modiﬁcations of UGa 3. Chiotti et al. [25]
discussed a number of possible reasons that might cause the 
change in slope of EMF depende nce and concluded that a number 
of factors contribute to the observed behavior. The results obtained 
in the present study between 569 and 1080 K for U–Ga–In alloys 
saturated with uranium are satisfacto rily described by the follow- 
ing equations (with c-uranium and liquid uranium taken as the 
standard states):
EcUðGa—InÞ ¼ 2:107  104  T þ 0:584ð0:010 VÞ; 569  830 K
ð5ÞEcUðGa—InÞ ¼ 3:106  104  T þ 0:668ð0:012 VÞ; 830  1080 K
ð6ÞE1UðGa—InÞ ¼ 2:319  104  T þ 0:614ð0:010 VÞ; 569  830 K
ð7ÞE1UðGa—InÞ ¼ 3:324  104  T þ 0:699ð0:012 VÞ; 830  1080 K
ð8Þ
Statistica l analysis of the experimental data was performed 
employin g t-distributi on with 95% conﬁdence interval throughout 
the present work.
Cooled samples of two-phase U–Ga–In alloys containe d crystals 
of 15–30 lm in size, Fig. 3. X-ray powder diffraction analysis, Fig. 3,
showed that these crystals were UGa 3 intermetalli c compound.
Since the peak positions in the diffraction pattern corresponded 20 30 40 50 60 70 80 90
diffraction angle 2Θ, o
in
te
ns
ity
- UGa3
- In
Fig. 3. Crystals formed in two-phase U–Ga–In alloys (above) and X-ray diffraction 
pattern of the alloy (below).
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entering the crystal lattice and UGa 3 is the sole phase present in
equilibrium with saturated U–Ga–In alloys. No peaks that could 
be attributed to uranium or gallium were observed. Gouder et al.
[13] studied depositio n of UGa 3 thin ﬁlms and reported that 
increasing temperature results in enrichment of the surface layer 
of this intermetallic compound by gallium. In the present study 
we have not observed excessive gallium in the crystals formed in
U–Ga–In alloys.
Activity of c-U and super cooled liquid uranium in the Ga–In
eutectic based alloys were calculated from the measure d EMF val- 
ues and at 569–1080 K they are described by the following 
equations:
1gacUðGa—InÞ ¼ 3:76  9:23  103  T1ð0:26Þ ð9Þ
1ga1UðGa—InÞ ¼ 4:09  9:69  103  T1ð0:26Þ ð10Þ
Activity of uranium in binary U–Ga and U–In alloys was so far 
determined only at relatively high temperat ures, the lowest being 
696–1084 K for U–Ga and 626–1130 K for U–In systems [7,14,15].
It was therefore of interest to determine uranium activity in alloys 
with Ga and In at lower temperature s employed in the present 
work. The results obtained for c-uranium in U–Ga and U–In alloys 
at 573–1073 K are described by the following equations:
lgacUðGa—InÞ ¼ 3:15  8:83  103  T1ð0:08Þ ð11Þ
lgacUðGa—InÞ ¼ 4:01  6:89  103  T1ð0:23Þ ð12Þ0.0017 0.0015 0.0013 0.0011 0.0009 0.0007
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Fig. 4. Activity of c-U in U–In, U–Ga and U–Ga–In alloys. Symbols show the results 
obtained in the present work for the alloys based on Ga–In (s), Ga (D), In (h).
Dashed lines show the literature data: 1–4 – U–Ga [7–10], 5–7 – U–In [7,9,15].
Table 1
Partial thermodynamic functions of c-U in saturated alloys with gallium, indium and Ga–
System DHU (kJ/mol) DSU (J/mol K)
Ga–U 127.0 63.7 
189.0 78.7 
184.3 72.1 
173.9
191.7 84.5 
In–U 25.0 2.6 
104.2 55.1 
122.9 72.4 
147.0 92.8 
Ga–In–U 189.9 87.1 and agree very well with the existing literature data.
Comparis on of c-uranium activity in U–Ga–In, U–Ga and U–In
alloys, Fig. 4, shows that uranium activity in the alloys based on
the Ga–In eutectic is sufﬁciently lower than in the In–based alloys 
and very close to the activity of uranium in the alloys with gallium.
Our measurements showed that the activity of uranium in Ga–In
eutectic and gallium based alloys is essentially identical below 
660 K. This again indicates that the same intermetallic phase, i.e.,
UGa3, is present in the equilibrium with the liquid phase in alloys 
with Ga–In and Ga. Partial thermodynam ic functions of c-U in Ga,
In and Ga–In eutectic based alloys were calculated and presented 
in Table 1.3.2. Activity coefﬁcients of uranium in U–Ga–In alloys 
Activity coefﬁcients of uranium in Ga–In eutectic based alloys 
were determined from the EMF measure ments of dilute (homoge-
neous) U–Ga–In alloys and at 574–1076 K they are approximat ed
by the following expressions:
1gccUðGa—InÞ ¼ 4:11  6:79  103  T1ð0:71Þ ð13Þ1gc1UðGa—InÞ ¼ 4:83  7:55  103  T1ð0:70Þ ð14Þ
Uranium activity coefﬁcients in Ga–In based alloys determined 
in the present work are very close to those in U–Ga alloys and sub- 
stantially lower than in U–In system, Fig. 5.In eutectic (partial molar excess Gibbs free energy calculated at 1050 K).
DGU (kJ/mol) DT (K) References 
60.1 643–1013 [7]
106.3 920–1084 [8]
108.6 650–985 [10]
[26]
103.1 573–1073 Present work 
22.2 626–949 [7]
46.3 1273–1553 [9]
46.9 [15]
49.6 573–1073 Present work 
98.5 573–1073 Present work 
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Fig. 5. Activity coefﬁcients of c-U in liquid alloys with indium (1 and 2) [7,15],
Ga–In eutectic (3, present work), and gallium (4 and 5) [7,8].
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Fig. 6. Solubility of uranium in gallium (1 (line) [7], 2 (D symbols) [14], 3 (h
symbols) [28]), Ga–In eutectic (4, present work), and indium (lines 5 [15] and 6
[7,14]).
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Uranium solubility in the Ga–In eutectic alloy was estimated 
using the differenc e between obtained temperature dependencies 
of uranium activity and activity coefﬁcients. The temperature 
dependence of the solubility at 573–1073 K is described by the fol- 
lowing expression:
lgXUðGa—InÞ ¼ 0:34  2:44  103  T1 ð15Þ
The obtained dependence is presented in Fig. 6. In the studied 
temperature range uranium solubility in the Ga–In eutectic lies be- 
tween the data for Ga and In systems. At higher temperat ures the 
solubility of uranium in the Ga–In alloy is close to that in pure in- 
dium but as the temperature is lowered U solubility in Ga–In alloy 
approaches that in gallium and below 800 K the data for Ga–In and 
Ga systems are very close. The fact that only UGa 3 intermet allic 
compound was found in cooled two-phase U–Ga–In alloys also 
indicates that, al least at lower temperature s, uranium predomi- 
nantly interacts with gallium. The set of data points 2 in Fig. 6
shows the results obtained from the chemical analysis of equilib- 
rium gallium-bas ed alloys after precipita tion of excess intermetal- 
lic phases obtained by Johnson and Chasanov [14]. Below 823 K
these data follow closely to the obtained here uranium solubility 
in the Ga–In eutectic. Below 693 K uranium solubility in liquid gal- 
lium was previously determined only at 616 K [14]. Shank [27]
pointed out that the obtained value likely does not correspond to
the equilibrium state. However , the results obtained in the present 
work agree within the experimental error with that data point.
4. Conclusions 
Partial thermodyna mic functions of uranium, as well as ura- 
nium activity and activity coefﬁcients were determined for the ﬁrst time in low-melting Ga–In eutectic alloy over 500  range
(between 573 and 1073 K). Activity and activity coefﬁcients of
uranium in alloys with the Ga–In eutectic are close to those in
alloys with gallium due to formatio n of the same intermetallic 
compound , i.e., UGa 3, in both systems. Uranium solubility in
In–Ga eutectic based alloys was estimated from the values of
determined activity and activity coefﬁcients and it increases with 
temperat ure. Below 823 K, the uranium solubility in Ga–In is very 
close to that in pure gallium but at higher temperat ures it occupies 
an intermedi ate position between gallium and indium.
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